Mammary stromal adipose tissue remodeling is important for appropriate mammary gland development during pregnancy, lactation, and involution. However, the precise mechanisms underlying mammary stromal adipose tissue remodeling remain unclear. We have established a mammary stromal, fibroblastlike cell line (MSF) from primary mouse mammary culture by introducing a temperature-sensitive simian virus-40 large tumor antigen. Among several hormones related to mammary gland development, hydrocortisone was found to commit MSF cells to a preadipocyte lineage, whereas insulin was found to induce extracellular matrix-dependent adipogenic differentiation of the cells, as assessed by lipid accumulation and marker gene expression. Interestingly, such hormone-induced adipogenic differentiation of MSF cells, but not 3T3-L1 cells, was suppressed by prolactin through its receptor and downstream STAT5. Furthermore, coculture of MSF cells with mammary epithelial HC11 cells and culture in HC11-conditioned medium also suppressed adipogenic differentiation of MSF cells. We have demonstrated that adipogenic differentiation of at least some populations of mammary stromal cells is modulated by lactogenic hormones and humoral factors from epithelial cells, suggesting that the response of these mammary cells may differ from adipocytes at other sites. We believe that the MSF cell line will prove a useful model to elucidate mammary stromal adipose development in vitro as well as represent an important first step toward developing stable adipocyte cell lines that faithfully represent their site of origin.
INTRODUCTION
The majority of the mammary gland consists of two distinct tissues: adipose tissue and epithelial tissue [1] . Prior to puberty, the mammary gland mainly consists of adipose tissue [1] , but at puberty the epithelium invades into the surrounding adipose tissue and forms the rudimentary ductal structure. During pregnancy and lactation, further expansion of alveolar mammary epithelium into stromal tissue occurs to permit milk production, whereas the number of mature adipocytes progressively decreases [2] [3] [4] . After completion of lactation, the epithelial component undergoes a process of involution, where the gland regresses to a state similar to that of virgin animals [5, 6] . During mammary gland involution, mammary epithelial cells undergo two different responses for cleaning up unused epithelial tissue: one is apoptosis, and the other is likely a further stage in differentiation to perform a phagocytic function [7] . On the other hand, preadipocytes are refilled with lipids, and a lot of mature adipocytes are developed after the cessation of lactation [1, 8] . Although such stromal tissue remodeling is thought to be important for proper progress of involution and successful development and lactation after a subsequent pregnancy, the mechanisms of the changes in the stromal compartment from lactation to involution remain unclear.
Adipose tissue development has been considered to be controlled by various humoral factors, such as growth hormone, glucocorticoids, insulin (INS), and insulinlike growth factor-1 (IGF1) [9] [10] [11] [12] [13] . One of the lactogenic hormones, prolactin (PRL), has also been reported to diversely affect adipose tissue development. It was reported that PRL promoted adipogenic conversion of 3T3-L1 and NIH-3T3 cells [14, 15] . Supporting these in vitro data, deletion of the PRL receptor (PRLR) reduced abdominal fat mass in mice to a greater degree in females [16] . Another group also reported that Prlr knockout mice showed impaired development of both internal and subcutaneous adipose tissue because of decreased numbers of adipocytes [17] . In contrast, transgenic mice that overexpress PRL exhibited small reductions in retroperitoneal fat mass of female mice [18] . Thus, the effects of PRL on adipose tissue development and adipogenic conversion of preadipocyte cell lines have been contradictory; therefore, the role of PRL in the development of mammary stromal adipose tissue remains unclear. It has been shown that primary mammary stromal cells can differentiate into both endothelial cells and adipocytes upon induction with several hormones and extracellular matrix [19] . However, the detailed effects of each hormone on the differentiation of mammary stromal cells remain unexplained.
Besides the hormonal regulation of mammary gland development, the interactions between stromal and epithelial tissues have long been considered to be important for the normal development of the mammary gland and in the development of breast cancer [20] . Effects of the stroma on the growth and differentiation of mammary epithelial cells have been shown previously using both the 3T3-L1 preadipocyte cell line and primary cultures of mammary stromal tissue [21] [22] [23] [24] [25] . Effects of the epithelium on the differentiation of mammary stromal cells, however, have not been studied extensively.
Although cell lines, such as 3T3-L1 or 3T3-F442A cells, have often been used as a model for adipocyte differentiation [12, 14, 26, 27] or mammary stromal cells [8, 21] , distinct differences between these cell lines and primary preadipocytes were also reported [27] . Primary culture of mammary stromal cells from rat mammary gland was also used previously for differentiation studies of mammary adipocytes [19] . The usefulness of primary cultures is, however, generally limited by the premature onset of senescence. Further, because primary cultures often include preadipocytes of various differentiation stages and other cells, the effect of hormones and other factors on the differentiation process is difficult to determine precisely.
In this study, we have established a novel cell line, named the mammary stromal fibroblastic (MSF) line, derived from mouse mammary primary culture by introducing temperaturesensitive simian virus-40 large T antigen (tsSV40LT). The tsSV40LT, a temperature-sensitive mutant of SV40LT, is stable at a permissive temperature (328C), whereas the protein is degraded by transfer to a nonpermissive temperature (378C). At a permissive temperature, cells expressing tsSV40LT exhibit enhanced proliferation and exhibit a transformed phenotype. On the other hand, at nonpermissive temperatures, tsSV40LT protein is degraded, and cells show a normal differentiated phenotype. This approach has been shown to be useful for establishing immortalized and functional cell lines, such as alveolar bone cells [28] and mammary epithelial cells [29, 30] .
Using our novel mammary stromal cell line, we determined the hormonal regulation of adipogenic differentiation. Hydrocortisone (HC) committed MSF cells to a preadipocyte lineage, and INS promoted conversion into mature adipocytes. PRL suppressed adipogenic differentiation induced by INS, and furthermore, mammary epithelial cells were shown to inhibit adipogenic differentiation of MSF cells.
MATERIALS AND METHODS

Animal Care
Virgin BALB/c mice (8 wk old) were purchased from Japan SLC (Hamamatsu, Japan) and cared for according to Nagoya University guidelines for animal studies. Research plan of the present study was approved by the Committee on Animal Experiments of Nagoya University.
Materials
An antibody to adiponectin (ADIPOQ) was kindly provided by Dr. Kihara (Osaka University, Osaka, Japan). Anti-mouse cytokeratin 18 (KRT18; clone Ks18.04) was purchased from Progen (Wieblingen, Germany). Monoclonal anti-SV40 large T-antigen (SLTA; Pab 101) and anti-phosphotyrosine antibodies (4G10) were from HyTest (Turku, Finland) and Upstate Biotechnology Inc. (Lake Placid, NY), respectively. Polyclonal anti-mouse STAT5 (C-17), anti-STAT3 (C-20), anti-p-STAT3 (B-7), and anti-GAPDH (6C5) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Troglitazone (Trg) was purchased from Cayman Chemical (Ann Arbor, MI). All other reagents were from Sigma unless otherwise noted. HC11 mouse mammary epithelial cells were kindly provided by Dr. B. Groner (Georg Speyer Haus, Institute for Biomedical Research, Frankfurt am Main, Germany).
Establishment of a Cell Line from Mammary Primary Culture
A retrovirus vector, pMESVTS, bearing tsSV40LT was kindly provided by Dr. Drinkwater [31] through Dr. Hara (Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan). Plat-E packaging cells were kindly provided by Dr. Kitamura (University of Tokyo, Tokyo, Japan). pMESVTS vector was transfected into the Plat-E cells, and the conditioned medium was collected and stored at À808C until infection. Mouse mammary primary culture was prepared from inguinal mammary fat pad of virgin BALB/c mice (8 wk old) by enzymatic digestion as described previously [32] and was maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 1% fetal calf serum (FCS), INS (5 lg/ml), HC (1 lg/ml), and PRL (5 lg/ml; preparation medium). The retrovirus-containing conditioned medium was then added to the primary culture, and incubation was continued at 378C for 18 h. The infectants were selected with 0.5 lg/ml G418 (Sigma) in preparation medium at 378C for a week and were propagated in DMEM supplemented with 10% FCS, INS (5 lg/ml), HC (1 lg/ml), and PRL (5 lg/ml) at 328C. One fibroblastic colony appeared, was collected and termed the MSF cell line, and was confirmed to express SV40LT. MSF cells were expanded at 328C to provide frozen stocks.
Cell Growth Assay of MSF Cells
MSF cells (1 3 10 3 cells) were inoculated on the 96-well culture plate and cultured for the indicated times (1, 24, 48, 72, 96 , and 140 h) in DMEM with 10% FCS at 378C or 328C. The Premixed WST-1 Cell Proliferation Reagent (Clontech) was added to each well and further incubated for 1 h at 378C until the color was developed. The medium was then collected from each well, and the absorbance at 450 nm was measured. The proliferation curve was drawn from the data, and the doubling time (Td) was calculated using following formula: ln2/K ¼ Td, where ln 2 is the natural log of 2 and K is the growth constant. All the data were processed by Microsoft Excel software. Data were expressed as mean 6 SD of eight independent measurements.
Induction of Adipogenic Differentiation with Lactogenic
Hormones and Coculture with HC11 Cells MSF cells (3 3 10 5 cells), which had been expanded at 328C as described above, were mixed with 50 ll of Engelbreth-Holm-Swarm sarcoma-derived (EHS) matrix (Matrigel; BD Biosciences) and inoculated into Cell Culture Insert (24-well plate format, 0.4-lm pore size; Falcon). After incubation at 378C for 10 min to promote gel formation, DMEM containing 10% FCS was added to upper and lower parts of the porous membrane (250 ll and 500 ll, respectively). Differentiation was induced in the incubation at 378C with various combinations of lactogenic hormones. Medium was changed every 3 days.
For the coculture of MSF cells with HC11 cells, MSF cells (3 3 10 5 cells) and living or apoptotic HC11 cells (5 3 10 4 cells) were mixed in 50 ll of EHS matrix and inoculated into Cell Culture Insert and cultured as described above. For induction of apoptosis, HC11 cells were treated with okadaic acid as described previously [33] . In brief, HC11 mammary epithelial cells were grown to confluence and treated with 150 nM okadaic acid (Sigma) for 18 h. After treating with okadaic acid, cells were collected from the dish by trypsinization and washed with fresh culture medium to remove the okadaic acid. After recovery by centrifugation, cells were mixed with MSF cells.
Preparation of Conditioned Medium
HC11, MSF, and NIH-3T3 cells were cultured in DMEM supplemented with 10% FCS until they reached confluence, and they were then incubated with the same medium supplemented with HC (1 lg/ml) and INS (5 lg/ml) for 48 h. The conditioned media were collected, passed through a 0.22-lm membrane filter, and directly used for subsequent experiments.
Immunoblotting
MSF cells cultured on plastic dishes were lysed directly with 200 ll of SDS-PAGE sample buffer, whereas cells in EHS gel were homogenized by ultrasonication in 200 ll of lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 5 mM EDTA, 10% [v/v] glycerol, and 0.5% [v/v] Triton X-100) containing 1 mM phenylmethylsulfonyl fluoride and 10 lg/ml leupeptin and were centrifuged to remove insoluble materials. Resultant supernatants were then mixed with SDS-PAGE sample buffer. In either case, aliquots were separated by SDS-PAGE followed by immunoblotting with indicated antibodies as described previously [33] . As for STAT5 immunoblotting, immunoprecipitation from the cell lysate was done by using anti-STAT5 and Protein-G magnet beads (New England BioLabs) as described previously [34] . 
Oil Red O Staining and Determination of Cellular Triglyceride
Immunocytochemistry
MSF cells were grown on coverslips to confluence in DMEM containing 10% FCS. Cells were fixed with chilled methanol (100%) at room temperature for 10 min, washed three times with PBS, blocked with PBS containing 2% BSA at room temperature for 30 min, and reacted with anti-SV40LT antibody at 48C overnight. Cells were then washed with PBS and incubated with Alexa Fluor 488 (green)-conjugated secondary antibody (Molecular Probes) and 100 ng/ml propidium iodide (Sigma) at room temperature for 30 min. Finally, cells were washed three times with PBS and once with distilled water, and they were observed under a fluorescence microscope (IX71; Olympus).
Senescence-Associated b-galactosidase Staining
MSF cells were maintained in DMEM containing 10% FCS at 328C or 378C. After four passages, cells were inoculated onto coverslips, fixed with 1% glutaraldehyde at room temperature for 5 min, washed three times with PBS, and incubated with 100 mM phosphate buffer (pH 6.0) containing 1 mM MgCl 2 , 3 mM K 4 (Fe(CN) 6 ), 3 mM K 3 (Fe(CN) 6 ), 0.1% Triton X-100, and 2% X-gal for 18 h at 378C [35] and were observed under a microscope (IX71; Olympus).
Total RNA Preparation and RT-PCR Analysis
MSF cells were homogenized in Trizol (Invitrogen), and total RNA was prepared according to the manufacturer's instructions. Aliquots (5 lg) of total RNA were reverse transcribed using random hexamer in a volume of 20 ll. After heat inactivation of reverse transcriptase, total volume of the cDNA pool was adjusted to 40 ll with water, and 1-ll aliquots were used for either semiquantitative RT-PCR or quantitative real-time PCR. The RT-PCR amplification of preadipocyte factor 1 (Dlk1), lipoprotein lipase (Lpl), peroxisome proliferator-activated receptor c (Pparg), Adipoq, Cd68, F4/80 (Emr1), fetal liver kinase 1 (Kdr), Prlr, suppressors of cytokine signaling 1 (Socs1) and 3 (Socs3), b-actin (Actb), and Gapdh was performed with primer sets described in Table 1 . For semiquantitative RT-PCR, PCR amplification involved 25-35 cycles of denaturation at 958C for 30 sec, annealing at 558C or 538C for 30 sec, and extension at 728C for 40 sec. Aliquots of the PCR products were separated on a 1.5% agarose gel and stained with ethidium bromide. Specific amplification of cDNAs was confirmed by DNA sequencing. Realtime PCR was done using the iCycler iQ Real-Time PCR Detection System (Bio-Rad). Real-time PCR sample mixtures (cDNA templates; iQ SYBR Green Supermix; Bio-Rad), template cDNA, and specific primer sets were incubated at 958C for 3 min, followed by 60 cycles (30 sec each) of denaturation, annealing, and extension at 958C, 558C, and 728C, respectively. Quantities of amplified DNAs were calculated by the iCycler software (version 3.0A; BioRad) and were normalized to Actb.
RESULTS
Establishment of MSF from Primary Mammary Culture
To study mammary adipocyte differentiation in vitro, preparation of preadipocyte populations from the mammary gland is an essential step. Despite several trials, however, we could not prepare those from stromal fractions of mammary gland enough for studies and, moreover, transfection of SV40 into stromal fractions was also unsuccessful (data not shown). We speculate that mammary preadipocyte populations are unstable in culture and resistant to gene delivery. To establish a mammary stromal cell line with the ability to differentiate into adipocytes, therefore, we introduced the tsSV40LT into primary cell cultures prepared from mouse mammary gland, by retrovirus infection with possibly higher gene delivery efficiency. After selection with antibiotics and propagation at 328C, a fibroblastic cell population originating from one colony was successfully isolated and named MSF. Growth rates of MSF cells were measured at 328C and 378C during 140 h (Fig.  1A) . The doubling time between 72 and 144 h was estimated to be 39.4 6 0.72 h at 328C and 64.1 6 0.72 h at 378C. As shown in Figure 1B , MSF cells exhibited apparently no cellular senescence, even after four passages when cultured at 328C, as revealed by senescence-associated-b-galactosidase (SA-b-gal) staining [35] , whereas cellular senescence was obvious when maintained at 378C (panels a and b). SV40LT expression was clearly observed by immunostaining and immunoblotting when cells were cultured at 328C (Fig. 1 , Bd and C), whereas only slight expression of SV40LT was revealed by immunoblotting when cultured at 378C (Fig. 1C) . A mammary epithelial marker, KRT18, was not detected by immunostaining (Fig.  1Be) or immunoblotting (Fig. 1D ) in MSF cells. MSF cells also expressed an endothelial cell marker, Kdr, but not macrophage markers, Cd68 and Emr1 (Fig. 1E ). In addition, adipocyte markers, Lpl and Fabp4, were also shown to be expressed prior to final differentiation to adipocytes (Fig. 1E) . These data suggest that MSF cells originate from a mammary stromal fraction.
Hormonal Induction of MSF Cells into Adipocytes
Various hormones, such as glucocorticoids, INS, and PRL, have been shown to play relevant roles in mammary gland development in vitro and in vivo [36] [37] [38] [39] [40] [41] . However, in standard culture systems in dishes and plate wells, neither various combinations of these three hormones nor well-known adipocyte differentiation mixture (0.25 lM dexamethasone, 200 lM 3-isobutyl-1-methylxanthine, and 10 lg/ml INS) induced MSF differentiation, whereas 3T3-L1 cells, frequently used for studies on adipogenic differentiation, successfully differentiated into adipocytes ( Fig. 2A) . Therefore, we next examined adipogenic differentiation of MSF cells by culturing them in a model extracellular matrix, EHS gel, with a combination of these hormones. MSF cells did not differentiate into adipocytes with either INS or HC alone, as evaluated by 
Commitment of MSF Cells to Preadipogenic Phenotype by Stimulation with HC
As a first step to analyze mechanisms underlying adipogenic differentiation by HC and INS, expression of a preadipogenic maker, Dlk1, reported as pref-1 [42] , was examined by RT-PCR. As shown in Figure 3A , Dlk1 was markedly upregulated when cultured with HC alone for 2 wk, whereas such upregulation was not observed when cultured with INS alone or a combination of INS and HC, suggesting that HC is involved in preadipogenic commitment of MSF cells with mesenchymal phenotype. To confirm this by crossover experiments, MSF cells were first treated with INS, HC, or both for 1 wk, followed by incubation with HC, INS, or both for another 1 wk, respectively. As shown in Figure 3B , pretreatment with HC induced adipogenic differentiation of MSF cells on subsequent incubation with INS. By contrast, pretreatment with INS had no effect on the differentiation of MSF cells upon subsequent incubation with HC. When treated with both hormones throughout the time course, MSF cells accumulated more cellular TG, whereas Dlk1 expression totally diminished (Fig. 3A) . Thus, it is suggested that HC is required to commit MSF cells to preadipogenic phenotype, and INS then induces adipogenic differentiation. Dlk1 is known to be downregulated in differentiated adipocytes [43] .
Inhibition of the Adipogenic Differentiation of MSF Cells by Stimulation with PRL
During pregnancy and lactation, the number of mature adipocytes progressively decreases in the mammary glands [2] [3] [4] . By contrast, preadipocytes are refilled with lipid once the involution process starts [1, 8] . This suggests that the formation of mammary adipocytes is dynamically controlled by a combination of hormones and mutual interaction between adipocytes and epithelial cells. Among the potential hormones, Pg, Est, and PRL were examined for possibly suppressive effects on the adipogenic differentiation of MSF cells induced by HC plus INS. As shown in Figure 4A , PRL largely suppressed accumulation of lipid droplets in MSF cells, and its effect was dose dependent, whereas Pg and Est did not affect the differentiation process. The suppressive effect of PRL on adipogenic differentiation was further confirmed by determining gene expression levels of several adipogenic marker genes. All of the markers examined, including Lpl, Pparg, and Adipoq, were induced by INS plus HC and suppressed on simultaneous PRL treatment (Fig. 4B) . MSF cells in EHS gel were shown to express INS receptor (Insr), IGF1 receptor (Igf1r), and Prlr, regardless of their differentiation status (Fig.  4C ). Tyrosine phosphorylation of STAT5 was induced when MSF cells were continuously cultured with PRL (Fig. 4D) , suggesting that the suppressive effect of PRL on the adipocyte differentiation could be mediated through its receptor and downstream STAT5. Inhibition of adipogenic differentiation of MSF cells by PRL was completely rescued by Trg (Fig. 4E) .
Distinct Response of MSF Cells to PRL Treatment from 3T3-L1 Cells
For comparison, the suppressive effect of PRL on adipogenic differentiation of 3T3-L1 cells was examined under the same culture conditions as for MSF cells. When 3T3-L1 cells were cultured in EHS gel, adipogenic differentiation was induced by costimulation with INS and HC, as evaluated by cellular lipid accumulation in a similar fashion to MSF cells (Fig. 5A) . However, contrary to MSF cells, addition of PRL in differentiation medium did not inhibit cellular lipid accumulation in 3T3-L1 cells (Fig. 5A) . Indeed, PRL promoted expression of ADIPOQ in 3T3-L1 cells, whereas that was inhibited in MSF cells (Fig. 5B) , consistent with cellular lipid accumulation. These data indicate that MSF cells have distinct
FIG. 3. Commitment of MSF cells to preadipogenic lineage by HC. A)
MSF cells were cultured in DMEM supplemented with 5 lg/ml I, 1 lg/ml HC, or a combination (I þ HC) for 2 wk, and then total RNA was extracted and reverse transcribed, followed by real-time PCR amplification for Dlk1 expression. Data are expressed as mean 6 SD (n ¼ 3). B) MSF cells were cultured in DMEM supplemented with I or HC as above for 1 wk, followed by reciprocal supplementation for another 1 wk, as indicated by the arrowheads. Alternatively, MSF cells were cultured in the presence of both hormones for 2 wk. The cell lysates were subjected to cellular TG content determination. Data are expressed as mean 6 SD (n ¼ 4). Bars with different letters indicate significant difference at P , 0.05 as evaluated by Student t-test.
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characteristics from those of 3T3-L1 cells, including the response to PRL.
Suppression of Adipogenic Differentiation of MSF Cells by Mammary Epithelial HC11 Cells
In addition to hormonal control, we examined whether adipogenic differentiation of MSF cells was modulated by mammary epithelial cells. MSF cells were cultured alone or cocultured with mammary epithelial HC11 cells in EHS gel. As shown in Figure 6A , cellular lipid accumulation was suppressed by coculture with HC11 cells. However, such a suppressive effect was not observed when they were cocultured with apoptotic HC11 cells induced by okadaic acid [33] . Cellular lipid accumulation of MSF cells induced by HC and INS was suppressed when they were cultured in HC11-conditioned medium, but not NIH-3T3-conditioned medium or MSF's own conditioned medium (Fig. 6, B and C) . HC11-conditioned medium also suppressed cellular lipid accumulation of 3T3-L1 cells (Fig. 6B) . Expression of several adipogenic marker genes (Lpl, Pparg, and Adipoq) were also suppressed when MSF cells were cultured in HC11-conditioned medium (Fig. 6D) . To speculate suppression mechanisms on adipogenic differentiation by HC11 cells, expression of several genes reported to be involved in suppression of adipogenesis was also examined. Among the genes examined, Socs3, which has been reported to suppress INSR-mediated signaling [44] [45] [46] , was highly induced when cultured in HC11-conditioned medium (Fig. 6D) . Socs1 tended to be induced without statistical significance. Moreover, IL6 (Il6), known as an INS resistance-inducing cytokine, was also highly upregulated. When cultured with HC11-conditioned medium, STAT3 was shown to be tyrosine phosphorylated (Fig. 6E) , consistent with above findings of upregulation of Il6 and Socs3. However, in contrast to the HC-11-conditioned medium, PRL did not induce Socs3 expression of MSF cells (Fig. 6) . When MSF cells were cultured in the presence of PRL, Socs3 was not induced (Fig. 6F) . These data suggest that humoral factor(s) secreted from mammary epithelial cells also suppress the adipogenic differentiation of MSF cells, possibly through the induction of STAT3 phosphorylation and subsequent Socs3 expression by IL6.
DISCUSSION
Mammary stromal tissue development and remodeling have been considered to be important for mammary tissue   FIG. 4 . Inhibition by PRL of MSF adipogenic differentiation. A) MSF cells were cultured with EHS in 10% FCS-containing DMEM supplemented with 5 lg/ml I and 1 lg/ml HC in the presence of 1 lg/ml Pg, 1 lg/ml Est, or 5 lg/ml PRL (P) for 2 wk (top row). With respect to PRL, varying concentrations of PRL were also examined (bottom row). Cellular lipid accumulation was visualized by Oil Red O staining. Bar ¼ 100 lm. B) MSF cells were cultured as in A with indicated hormones for 2 wk. Total RNA was extracted and reverse transcribed, followed by real-time PCR amplification for Lpl, Pparg, and Adipoq. Data are expressed as mean 6 SD (n ¼ 4). Bars with different letters indicate a significant difference at P , 0.05 as evaluated by Student t-test. C) MSF cells were cultured as in A, and expression of Insr, Igf1r, and Prlr was examined by semiquantitative RT-PCR. Actb was used as internal control. D) MSF cells were cultured as in A and lysed, and then STAT5 was immunoprecipitated (IP), followed by sequential immunoblotting with anti-phosphotyrosine and anti-STAT5 antibodies. E) Differentiation of the MSF cells was induced with combinations of indicated hormones as in A as well as 2.5 lg/ml Trg, and cellular TG content was determined. Bars with different letters indicate significant difference at P , 0.05 as evaluated by Student t-test.
ESTABLISHMENT OF A NOVEL MAMMARY STROMAL CELL LINE homeostasis, although the detailed mechanisms underlying dynamic changes in the population of stromal adipocytes and epithelial cells during pregnancy, lactation, and involution are still not fully understood. A significant factor in this has been the lack of appropriate in vitro models. We could not culture a preadipocyte population of stromal fractions prepared from mouse mammary gland and, moreover, even by using retroviral infection system, gene delivery efficiency into stromal cells was extremely low (Nakatani and Matsuda, unpublished results). These properties of mammary stromal preadipocytes might have limited elucidation of mammary adipocyte differentiation. Under such conditions, we successfully cloned a novel fibroblastic cell line, MSF, from mammary primary culture by introducing tsSV40LT. MSF cells avoided cell senescence when kept at 328C (Fig. 1B) and possessed several mammary stromal cell phenotypes as judged by cell morphology, cytokeratin expression, and gene expression, such as Kdr (Fig. 1) [19] . Furthermore, MSF cells were induced to undergo adipogenic differentiation at 378C. These characteristics of MSF cells strongly indicate that the MSF cell line is a useful model of mammary stromal cells that retains many of the important properties of these cells in primary culture. In contrast, the 3T3-L1 cell line, which has commonly been used as a model for preadipocytes, possessed clearly distinguishable characteristics from the MSF cell line, such as the response to PRL stimulation (Fig. 5) and requirement of both HC and EHS gel on their adipogenic differentiation (Fig. 2) . Although the 3T3-L1 cell line has also been used as a model for mammary stromal cells [8, 21] , distinct phenotypes of this cell line from primary preadipocytes have also already been reported [14, 15] . Moreover, differentiation of rat mammary stromal cells depended not only on hormones but also extracellular matrix stimulation [19] . These facts and our data in this study imply that the MSF cells established in the present study would be more suitable for studies on the differentiation of mammary stromal cells. On the other hand, the MSF cells from a selected single colony might not be representative of a major population of mammary stromal preadipocytes. Therefore, the data reported here might not be true to general mammary preadipocytes but could be at least to a certain population of mammary stromal cells. Furthermore, demonstrating the presence of such a unique population as MSF cells in mammary tissue would give an insight into future studies on mammary adipocyte differentiation.
Among the lactogenic hormones related to mammary gland development, HC acted on the adipogenic conversion of the MSF cells and committed the cells to preadipocyte lineage (Fig. 3) . Sequential and simultaneous treatment with HC and INS fully induced adipogenic differentiation of MSF cells in EHS gel (Figs. 2 and 3 ). In the mammary gland, glucocorticoid has been shown to be essential for epithelial development and maintenance during pregnancy and lactation [38, [47] [48] [49] , whereas in adipose tissue, commitment of stromal vascular cells to a preadipocyte lineage by glucocorticoid has also been reported [50, 51] . Therefore, it seems reasonable that glucocorticoid play important roles in mammary stromal tissue development.
INS was required to induce adipogenic conversion of preadipogenic MSF cells, like 3T3-L1 cells (Figs. 1 and 2) , and also that of primary cultures prepared from fat depots other than the mammary gland [52] . IGF1 is also known to play a relevant role in the differentiation of preadipocytes and mammary epithelial cells [9, 53, 54] . MSF cells expressed both Insr and Igf1r, regardless of their differentiation status (Fig. 4C) . INS can bind to the type I IGF1R when added at high concentrations, mimicking IGF1 intracellular signaling. Therefore, the concentration of INS (5 lg/ml) used in this study probably activates not only INSR but also IGF1R signalings in MSF cells. Further studies on MSF adipogenic conversion in the presence of IGF1 would be of interest because IGF1 is thought to play a pivotal role in mammary adipogenesis in vivo, and IGF1 expression level increases from pregnancy to lactation in the mammary gland [55, 56] .
The upregulation of glucocorticoids and IGF1 in vivo during pregnancy and lactation would be anticipated to increase adipocyte differentiation during these states. Mammary adipose tissue mass, however, is actually reduced during late pregnancy and lactation, suggesting that adipose tissue development and/or adipogenic differentiation are suppressed by antiadipogenic factors. PRL is one of the potential candidates for such antiadipogenic factors because it is involved in lobuloalveolar growth in the mammary gland [41] , and serum PRL levels are elevated during pregnancy and lactation. In support of this proposal, adipocyte differentiation of MSF cells, induced by INS, was largely suppressed in the presence of PRL (Figs. 4 and 5) . In these PRL-stimulated MSF cells, STAT5 downstream PRLR was found to be activated (Fig. 4D ). There are several reports relating to the crossinhibition between PPARs and STAT5. For example, growth hormone-activated STAT5 inhibits PPARG-induced gene transcription [57] and, conversely, ligand-activated PPARG inhibits STAT5-regulated transcription [58] . STAT5 is also 50 activated in mammary gland by PRL through PRLR [41] . Inhibition of adipogenic differentiation of MSF cells by PRL stimulation was rescued by forced activation of PPARG with Trg (Fig. 4E) . Therefore, PRL may inhibit adipogenic differentiation of MSF cells in vitro, as well as mammary stromal cells in vivo, by activating the PRLR-STAT5 pathway (Fig. 4, D and E) , and this possibility is worthy of further studies.
Contrary to our results, the primary mammary stromal cells from nulliparous rat showed adipogenic differentiation even in the presence of PRL [19] . Adipogenic differentiation of 3T3-L1 and NIH-3T3 cell lines, which were established from mouse embryonic fibroblasts, were actually enhanced by PRL [14, 15] . Similar to MSF cells, the 3T3-L1 cells express PRLR, and the expression of PRLR is increased after its adipogenic differentiation [27] . Further, PRL seems not to promote Triglyceride was extracted from MSF cells differentiated with EHS in DMEM or conditioned medium from HC11 cells followed by the cellular TG content determination. Data are expressed as mean 6 SD (n ¼ 4). D) Total RNA was extracted from the cells differentiated with EHS in DMEM or conditioned medium from HC11, and aliquots were reverse transcribed, followed by realtime PCR amplification for adipocyte-related genes (Lpl, Pparg, and Adipoq) and INS resistance-related genes (Socs1 and Socs3). Expression of Il6 was also examined in the same manner. End products of Socs3 and Il6 were separated on an agarose gel and visualized by ultraviolet irradiation (insets). Data are expressed as mean 6 SD (n ¼ 3). Bars with an asterisk in C and D indicate significant difference at P , 0.05 as evaluated by Student t-test. E) MSF cells were cultured as in C and lysed, followed by immunoprecipitation and immunobotting with indicated antibodies. F) MSF cells were differentiated with EHS and indicated hormones, and expression of Socs3 and Actb was examined by semiquantitative RT-PCR.
ESTABLISHMENT OF A NOVEL MAMMARY STROMAL CELL LINE lipolytic activity of mature adipose tissue explants in vitro [39, 59] . Prlr-deficient mouse showed reduction of abdominal fat mass and body weight [16] . These reports imply that the effects of PRL on adipose tissue are site specific. It should also be borne in mind that adipose tissue or its primary culture includes other cell types, such as macrophages, and therefore determination of the direct effects of hormones such as PRL on preadipocytes and adipocytes is difficult to achieve in these mixed cell populations. Our results clearly show that PRL inhibits adipogenic differentiation in mammary stromal fibroblasts. Further studies are required to examine the effect of PRL in vitro on adipogenic differentiation of stromal fibroblasts derived from other sites in the body. Such studies also must ultimately be considered in the context of the regulation of mammary adipose tissue mass in vivo.
Besides hormonal regulation, our findings also suggest that the interaction between mammary epithelial cells also influences mammary adipocyte differentiation. We showed that humoral factor(s) secreted by mammary epithelial HC11 cells suppressed adipogenic differentiation of both MSF and 3T3-L1 cells (Fig. 6 ). When cultured in HC11-conditioned medium, Socs1 and Socs3 expressions were elevated in MSF cells (Fig.  6D) . Socs has been reported to reduce INS sensitivity in adipocytes through IL6 production [60, 61] . Il6 expression in MSF cells was also elevated when they were cultured in HC11-conditioned medium (Fig. 6 ), suggesting that HC11-derived humoral factors induced expression of Il6, which in turn suppressed INS-induced adipogenic differentiation in an autocrine manner. PRL also induces Socs expression [27, 62] . However, Socs3 expression was not increased in MSF cells upon PRL treatment (Fig. 6F) , although tyrosine phosphorylation of STAT3 was induced by the addition of HC11-conditioned medium (Fig. 6E) . Thus, PRL and HC11-derived humoral factor(s) regulate adipogenic differentiation of MSF cells through distinct mechanisms.
In conclusion, we have established a mammary stromal cell line, MSF, with the ability to differentiate into adipocytes that exhibit distinct properties from those of the classic cell line, 3T3-L1. We believe that the MSF cell line will prove a useful model to elucidate mammary stromal adipose development in vitro as well represent an important first step to developing stable adipocyte cell lines, which faithfully represent their site of origin.
